To further develop therapeutic strategies targeting the proteasome system, we studied the antitumor activity and mechanisms of action of MLN2238, a reversible proteasome inhibitor, in preclinical lymphoma models. Experiments were conducted in rituximab-chemotherapysensitive cell lines, rituximab-chemotherapy-resistant cell lines (RRCL), and primary B-cell lymphoma cells. Cells were exposed to MLN2238 or caspase-dependent inhibitors, and differences in cell viability, alterations in apoptotic protein levels, effects on cell cycle, and the possibility of synergy when combined with chemotherapeutic agents were evaluated. MLN2238 showed more potent dose-dependent and time-dependent cytotoxicity and inhibition of cell proliferation in lymphoma cells than bortezomib. Our data suggest that MLN2238 can induce caspase-independent cell death in RRCL. MLN2238 (and to a much lesser degree bortezomib) reduced RRCL S phase and induced cell cycle arrest in the G2/M phase. Exposure of rituximab-chemotherapy-sensitive cell lines and RRCL to MLN2238 potentiated the cytotoxic effects of gemcitabine, doxorubicin, and paclitaxel and overcame resistance to chemotherapy in RRCL. MLN2238 is a potent proteasome inhibitor active in rituximab-chemotherapysensitive and rituximab-chemotherapy-resistant cell models and potentiates the antitumor activity of chemotherapy agents and has the potential of becoming an effective therapeutic agent in the treatment of therapy-resistant B-cell lymphoma.
Introduction
The ubiquitin-proteasome system (UPS) is essential to the tightly regulated process of intracellular protein degradation and impacts several cellular pathways. The UPS targets and catabolizes proteins that are damaged, miss-folded, or selectively tagged for degradation, including those involved in cell growth and proliferation, cell cycle regulation, gene transcription, and programmed cell death [1] [2] [3] . Deregulation of the UPS has been implicated in the development, sustenance, and progression of neoplastic cells that lack cell cycle checkpoints and are highly susceptible to proteasome inhibition [4] .
Bortezomib (BTZ) is the first-in-class of two proteasome inhibitors already approved by the U.S. Food and Drug Administration to treat multiple myeloma (MM) (i.e. BTZ and carfilzomib) and relapsed/refractory mantle cell lymphoma (MCL) (i.e. BTZ). Pharmacological inhibition of the UPS by BTZ has resulted in improved clinical outcomes in patients with MM and, to a lesser degree, in relapsed/refractory B-cell lymphoma. Despite this observed clinical activity, BTZ-associated cytotoxic activity in B-cell lymphoma has been hindered by treatmentrelated toxicities preventing further dose escalation and the emergence of acquired resistance. Bortezomibinduced peripheral neuropathy (BIPN) requiring dose reduction or treatment discontinuation is a major barrier for the optimal cytotoxic dosing of BTZ in the treatment of patients with B-cell lymphoma. Grade 3 or 4 BIPN has been reported in 37-44% of patients exposed to the drug either as a single agent or in combination with systemic chemotherapy [5] [6] [7] [8] [9] [10] . Ongoing efforts have been allocated in evaluating alternative routes of administration (e.g. subcutaneous) and/or dose schedules in an attempt to decrease the incidence and/or the severity of BIPN. Alternatively, novel proteasome inhibitors with a more favorable therapeutic index are being developed and are entering clinical trials. MLN9708, an investigational small-molecule proteasome inhibitor, is a boronic acid analogue that selectively and reversibly inhibits the b5 subunit sites of the 20S proteasome. Structurally, MLN9708 (ixazomib citrate) is an orally administered drug that is hydrolyzed into its active form, MLN2238 (ixazomib). Compared with BTZ, MLN2238 has a shorter proteasome dissociation half-life and improved antitumor activity in human cancer xenograft models [11, 12] . MLN9708 is the first oral proteasome inhibitor that has entered into phase I/II/III clinical studies. The results of early MLN9708 clinical studies suggest that it has a lower incidence and severity of peripheral neuropathy compared with BTZ. Grade 1-2 peripheral neuropathy has been reported in 7-17% of patients treated in phase I/II studies. No grade 3-4 peripheral neuropathy has been observed to date [13] [14] [15] [16] [17] .
Given its favorable toxicity profile observed in MM and relapsed/refractory lymphoma clinical trials and the need to develop alternative strategies to block the UPS in relapsed/refractory B-cell lymphoma, MLN9708 is an attractive therapeutic agent to evaluate in lymphoid malignancies. In this study, we focused on evaluating and comparing the cytotoxic activity of MLN2238 to BTZ in rituximab-sensitive and rituximab-resistant lymphoma preclinical models. Our results support the further investigation of MLN9708 in patients with refractory B-cell lymphoma.
Materials and methods

Cell lines and reagents
Rituximab-chemotherapy-sensitive Raji cell lines (RSCL) (Burkitt's lymphoma) were obtained from American Type Culture Collection (Rockville, Maryland, USA). Rituximab-chemotherapy-resistant cell lines (RRCL) were generated and characterized in our laboratory as described previously [18] . Cells were cultured in RPMI 1640 (Sigma Chemicals, St. Louis, Missouri, USA) supplemented with 10% heat-inactivated fetal bovine serum (Atlanta Biologicals, Grand Island, New York, USA), 100 U/ml of penicillin, and 100 mg/ml of streptomycin (Invitrogen, Carlsbad, California, USA) and maintained in 5% CO 2 at 371C. MLN2238 was provided by Millennium Pharmaceuticals Inc. (Cambridge, Massachusetts, USA). BTZ, paclitaxel, gemcitabine, and doxorubicin were obtained from the Pharmacy Department at Roswell Park Cancer Institute (Buffalo, New York, USA). Primary antihuman antibodies against Bak, Bax, and actin were obtained from Sigma Chemicals; PARP-1, Bcl-2, and Mcl-1 from BD Pharmigen (San Jose, California, USA); Noxa from Calbiochem (San Diego, California, USA); and p53 from Santa Cruz Biotechnology (Santa Barbara, California, USA). Alkaline phosphatase-conjugated or horseradish peroxidase-conju-gated antimouse secondary antibodies were purchased from Jackson ImmunoResearch (West Grove, Pennsylvania, USA).
Patient samples
Neoplastic or normal B-cells were isolated on biopsy material obtained from lymphoma patients treated at Roswell Park Cancer Institute by negative selection using magnetic beads. Briefly, tissue was disrupted mechanically and cells were passed through a 100 mm cell strainer. Subsequently, lymphocytes were enriched by density centrifugation. B-cells were then isolated from enriched lymphocytes by MACS separation using a human B-cell Isolation Kit II (Miltenyi Biotec, Auburn, California, USA).
In-vitro effects of MLN2238 in lymphoma cell lines and primary tumor cells isolated from lymphoma patients RSCL and RRCL as well as primary cells isolated from lymphoma patients were resuspended in RPMI media and seeded into 384-well plates at a density of 5 Â 10 5 /ml and exposed to BTZ or MLN2238 at escalating doses. Following a 24-and 48-h period of incubation, cell viability was determined using the CellTiter-Glo luminescent viability assay (Promega, Madison, Wisconsin, USA). The ATP content (viability) was determined as a percentage of the luminescence produced compared with the control cells.
Changes in Bcl-2 family members and other programmed cell death-regulatory proteins RSCL and RRCL were exposed to MLN2238 or BTZ (10 nmol/l) for 48 h. Subsequently, cells were collected by centrifugation and lysed in RIPA lysis buffer in the presence of protease inhibitors (Cocktail Set 1; Thermo Scientific, Waltham, Massachusetts, USA). Lysates were cleared by centrifugation and loaded onto 12% SDS-PAGE gels. Following electrophoresis, proteins were transferred to PVDF membranes (Invitrogen). The membrane was blocked with 5% milk for 1 h, incubated overnight with primary antibodies of interest (Bax, Bak, PARP, Mcl-1, etc.), followed by appropriate secondary antibodies (alkaline phosphatase-conjugated) at a dilution of 1 : 5000, followed by detection by Western Lightening Plus-ECL (PerkinElmer, Waltham, Massachusetts, USA) and exposed on a Kodak-XAR film (Kodak, Rochester, New York, USA).
Effect of caspase inhibition on MLN2238 cytotoxic activity
RSCL and RRCL were exposed to the pan-caspase inhibitor Q-VD-OPh (5 mmol/l) (MBL International, Montreal, Quebec, Canada) for 1 h and subsequently exposed to MLN2238 (5, 10, 25 nmol/l) or vehicle (control) for 48 h. Differences in cell viability following caspase inhibition were determined using the CellTiter-Glo luminescent viability assay.
fixed with 70% ethanol at -201C for 30 min, incubated with 100 mg/ml RNase for 30 min (Sigma Chemicals), and stained with 50mg/ml PI (Sigma Chemicals). DNA contents were analyzed by flow cytometry using FACSC-Calibur (BD Biosciences) and FCS express software (DeNovo Software, Los Angeles, California, USA).
Statistical analysis
In-vitro experiments were repeated in triplicate and the results are reported as the SD. Statistical differences between treatment groups and controls were determined using the w 2 -test (SPSS version 14.0; SPSS Inc., Chicago, Illinois, USA). Differences were considered significant when the P-value was less than 0.05.
Results
MLN2238 is more potent than BTZ in inducing cell death and inhibiting proliferation in RSCL and RRCL To evaluate and compare the cytotoxic activity of MLN2238 to BTZ, we used a cell line model of therapyresistant B-cell non-Hodgkin's lymphoma (NHL) characterized previously by our group [18, 19] . RSCL (Raji) and RRCL (Raji2R and Raji4RH) were exposed to various concentrations of MLN2238 or BTZ for up to 48 h and changes in cell viability were assessed using the CellTiter-Glo luminescent viability assay. There were significant dose-dependent and time-dependent differences in the viability of Raji versus RRCL in response to exposure to MLN2238 or BTZ (P < 0.05) ( Fig. 1a and 1b ). In addition, prolonged exposure of RSCL and RRCL to MLN2238 but not BTZ resulted in significant cell growth inhibition (Fig. 1c ). Together, these in-vitro data suggest that MLN2238 appears to be more potent inducing cell death and antiproliferation in B-cell NHL than BTZ.
Ex-vivo effects of MLN2238 in primary tumor cells isolated from lymphoma patients
To evaluate differences in the biological activity between MLN2238 and BTZ in a more clinically relevant lymphoma model, we exposed primary tumor cells isolated from B-cell lymphoma patients (n = 13) to either agent for up to 48 h (Fig. 2) In contrast to what we observed in cell lines, MLN2238 was equivalent in terms of cytotoxic activity to BTZ in the limited number of available primary tumor cells tested. At the dose examined (5 nmol/l), MLN2238 and BTZ had similar cytotoxic activity, with the exception of one case (patient #75, Hodgkin's lymphoma).
MLN2238 cytotoxic activity is partially abrogated by caspase inhibition in RSCL and to a lesser degree in RRCL
Preclinical studies have reported that BTZ shows several mechanisms of cytotoxic activity. We have reported previously that BTZ could induce cell death primarily through caspase-dependent programmed cell death (apoptosis) by increasing the expression of the proapoptotic proteins Bak, Bik, and Noxa in RRCL. However, BTZ also triggers cell death by a caspase-independent pathway(s), such as autophagy, irreversible cell cycle arrest, senescence, or mitotic catastrophe [18, 20] . Therefore, we examined the cellular pathways responsible for MLN2238 cytotoxic activity. In-vitro exposure of RSCL and RRCL to MLN2238 resulted in induction of Bak, downregulation of Mcl-1, and induction of PARP cleavage (Fig. 3 ). Furthermore, caspase inhibition partially rescued RSCL and to a lesser degree RRCL exposed to MLN2238 (Fig. 3b) . These findings were similar to BTZ, suggesting that both proteasome inhibitors have similar mechanisms of action. Caspase inhibition does not fully reverse MLN2238-associated cytotoxicity; caspase-independent mechanisms of cell death likely contribute toward its cytotoxic activity.
MLN2238 induces a G2/M cell cycle arrest in RRCL
BTZ is known to induce cell cycle arrest in solid tumors (e.g. prostate or lung cancer) and B-cell lymphoma preclinical models [21, 22] . To determine whether MLN2238 has similar effects on the cell cycle of additional lymphoma cell lines, we exposed RSCL and RRCL to BTZ or MLN2238 and evaluated changes in cell cycle progression ( Fig. 4 ). RSCL and RRCL had shown differences in cell cycle pattern after BTZ or MLN2238 exposure. In RSCL, an increased G1 phase and a decreased S phase were found following in-vitro exposure to BTZ or MLN2238. In contrast, in-vitro exposure of RRCL to either MLN2238 or BTZ resulted in an increase of cells in the G2/M phase. The percentage of change in the cell cycle was more pronounced in MLN2238-exposed lymphoma cells. . In one case of Hodgkin's lymphoma (*), MLN2238 induced better cytotoxic activity than bortezomib (BTZ) (*P < 0.05). In general, MLN2238 had similar ex-vivo cytotoxic activity as BTZ when primary cells were exposed to 5 nmol/l of drug for 48 h.
MLN2238 resensitizes RRCL to the cytotoxic effects of chemotherapy agents
We have shown previously that repeated exposure of lymphoma cells to rituximab resulted not only in rituximab resistance but also cross-resistance to multiple chemotherapy agents, suggesting the existence of shared pathways of resistance [18] . In addition, there is emerging information from clinical trials suggesting that diffuse large B-cell lymphoma patients failing or relapsing after standard rituximab-based immunochemotherapy induction (e.g. R-CHOP) show a higher degree of chemotherapy resistance in the salvage setting [23, 24] . Preclinical studies suggested that BTZ can reduce the apoptotic threshold to chemotherapy agents and provided the basis for clinical trials combining BTZ with systemic chemotherapy in diffuse large B-cell lymphoma patients [25, 26] . Given the cellular effects observed in RSCL and RRCL exposed to MLN2238, we tested whether MLN2238 could decrease the apoptotic threshold to chemotherapy agents in RRCL. We selected chemotherapy agents that affect various phases of the cell cycle: paclitaxel (M phase) and gemcitabine (S phase), or that are non-cell cycle specific (doxorubicin) ( Fig. 5 ). Of interest, MLN2238 enhanced the cytotoxic effects of chemotherapy agents only in RRCL but not in RSCL.
Discussion
The UPS plays a pivotal role in the regulation of multiple cellular functions including cell death, cell proliferation, and differentiation. Deregulation of the UPS had been shown in numerous cancers and, more importantly, it has been shown to play a significant role in the development of rituximab-chemotherapy resistance in B-cell lymphoma [18] .
The concept of targeting the UPS in lymphoid malignancies as therapeutic strategies has been partially hindered by drug-associated toxicities precluding the dose escalation of BTZ. Although BTZ has single-agent activity in MCL and a subset of follicular lymphoma patients, it appears less active as monotherapy in other NHL subtypes [27] [28] [29] . On the basis of preclinical models and early clinical trials, BTZ lowers the apoptotic MLN9708 is the first oral proteasome inhibitor to enter clinical studies and has shown antitumor activity in solid tumors and hematological malignancies [11, 12, 30] . To the best of our knowledge, this is the first preclinical evaluation of its hydrolyzed form, MLN2238, in rituximab-sensitive and rituximab-resistant lymphoma cells. Our data show that MLN2238 has potent cytotoxic activity against RSCL and RRCL in a dose-dependent and time-dependent manner. In contrast to BTZ, protracted exposure of MLN2238-induced cell growth arrest in RSCL and RRCL. In addition, MLN2238 appears to enhance the cytotoxic effects of both cell cycle-specific and nonspecific chemotherapy agents in RRCL.
At the cellular level, MLN2238 appears to have multiple mechanisms of action. Similar to BTZ, MLN2238 induces cell death by both caspase-dependent and caspase-independent cell pathways. MLN2238 induces caspase-dependent apoptosis, likely by upregulating Bak and decreasing Mcl-1 levels. In addition, MLN2238 induces cell cycle arrest in lymphoma cells. The effect of MLN2238 on the cell cycle of lymphoma cells was different between RSCL and RRCL, indicating the complexity of its mechanism(s) of action.
Ongoing efforts are aimed to further characterize the effects of UPS inhibition following MLN2238 exposure and to determine the difference in the expression levels of key regulatory proteins of the cell cycle between RSCL and RRCL exposed to MLN2238.
When compared with BTZ in a preclinical model, MLN2238 has been reported to have better pharmacokinetic, pharmacodynamic, and antitumor activity properties in both plasma cell and lymphoid malignancy models [11, 30] . Although BTZ and MLN2238 have similar reversible proteasome inhibition, the proteasome dissociation half-life (t 1/2 ) of MLN2238 was found to be approximately six-fold faster than BTZ (t 1/2 of 18 vs. 110 min, respectively). Cell viability studies have shown that MLN2238 has LD 50 values similar to BTZ in a variety of cultured mammalian cancer cell lines (LD 50 range 4-58 nmol/l) [12] . Our work shows that single-agent MLN2238 is approximately two to three times more potent than BTZ in lymphoma cell models. The IC 50 of MLN2238 was 2.5 nmol/l in contrast to 7.5 nmol/l of BTZ in Raji parental cells. In addition, at 5 nmol/l preincubation dose of MLN2238 (but not BTZ) showed the ability to sensitize RRCL to various chemotherapy agents.
Besides the emergence of pharmacological resistance to BTZ, significant BIPN limits further dose escalation of BTZ. BIPN has been reported in at least 37% of patients treated with BTZ at maximum tolerated dose (MTD) 1.3 mg/m 2 [31] . In early clinical trials, MLN9708 shows a lower incidence of peripheral neuropathy than BTZ controls. The results of the phase I study that aimed to define the MTDs of MLN9708, the precursor of MLN2238, in patients with relapsed and/or refractory MM were reported recently [32] . Lonial et al. [32] evaluated the MTD of MLN9708 administered orally twice a week in 57 patients with relapsed/refractory MM. In this particular study, the MTD of MLN9708 was 2.0 mg/m 2 in a twiceweekly oral schedule and no dose limiting toxicities were observed. Moreover, peripheral neuropathy was observed only in 6% of the patients. In addition, pharmacokinetic studies indicated that MLN9708 showed linear plasma pharmacokinetic (0.8-2.23 mg/m 2 ), T max of 0.5-1.25 h, and a terminal half-life of 4-6 days. Similar results were reported by Kumar et al. [33] in 36 patients with relapsed/refractory MM. In this study, the MTD of MLN9708 as a single agent administered weekly was 2.97 mg/m 2 . Only three patients reported drug-related peripheral neuropathy; all were grade 1 or 2. Data from the aforementioned clinical trials suggest that MLN2238 is well tolerated and has a lower incidence of neuropathy when compared with BTZ [32, 33] .
In summary, our results indicate that MLN2238 has significant cytotoxic activity in RSCL and RRCL preclinical models. MLN2238 is active in sensitizing RRCL to a variety of chemotherapy agents used commonly in the salvage therapy setting. Given the improved therapeutic index of MLN9708 on the basis of preclinical and data from phase I myeloma studies, it may be suitable for use in combination therapy regimens in relapsed/refractory aggressive B-cell lymphoma. Our observations provide in-vitro evidence for further evaluation of MLN9708 in combination with chemotherapy agents in relapsed/refractory lymphoma.
